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ttcuwiTv  ctMtiricoTiow  or  this  iw  Ktmttn 

.  Model  (2 1  which  hai  been  widely  ueed  by  reeeMtchere  In  this  ere«.  The 

nf  iiwlne.  tbf^  Model  wen  to  exealne  Ite  epylicebllity  to  higher- 
order  lima  "odc  i'OMbtrM*rn.  Hie  ehereeterlxetion  eoction  Includes  the  yeeeive 
c«ro-porc  oeanuremunt  of  lapedenee  end  trenealseion  coefficient  on  e  1M020 
teec  conbiner  under  verioue  circuit  conditions.  A  correletion  between  the 
aeeeured  and  celeuleced  inpedence  et  e  single  eoexiel  line  is  presented  end  the 
results  deaonstrste  thst  the  Kuroksws  aodel  generslly  replicstee  the  nessured 
response.  However*  it  is  shown  thst  there  exists  s  relstionship  between  the 
coupling  coefficient  st  the  csvity/cosxisl  line  interfsce  snd  the  nuMber  of 
coexisl  lines  which  mist  be  included  in  the  Kuroksws  aodel.  The  results  of  the 
trsnsaission  Measurements  indicate  thst  to  achieve  asxiaua  combining  efficiency* 
s  high  unloaded  cavity  Q  aust  be  asiatsined  (l.e.  through  the  use  of  sasll 
coaxial  lines)  snd  thst  the  aicrowai^  absorber  characteristic  iapedanee  oust 
be  ainiaised  without  causing  instability  in  operation  with  IMPATT  diod^. 
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OUPTEX  I 


imODUCTZOM 

TIm  obj«ctiv«  of  ehl«  lavMClgatiOB  hM  bom  to  study  oad  choroe- 
torlM  ebo  cyliadricol  roooosnt  covlty  eoablMr  with  mphotio  on 

laproving  tbo  uadorocoadlng  of  tbo  poaoivo  doalga  poramtoro  of  this 
alerowovo  circuit.  Siaco  1971*  ebo  cyliadricol  rosoomt  covlty 
coablaor  boo  bom  wldoly  uood  oo  o  alcrouovo  oad  allllaotor  wavo  cir¬ 
cuit  otructuro  for  ccablalnt  tbo  ladlvlduol  IF  outputs  of  lapoct- 
Xoolsotloo-Avoloacbo-Troaslt-TlM  (INFATI)  dlodos.  larp  oad  Stovor 
(II  first  doannstrotod  tbo  uso  of  o  ryliadrleol  rosoamt  covlty 
to  coablno  tbo  outputs  of  sovorol  XMFAT7  dlodos  sltuotod  la  cooalol 
circuits  (21  locotod  ot  tbo  porlpbory  of  o  covlty.  Subsooumt- 
ly  la  rocme  yoors»  sovorol  pouor  coablaor  doolgns  (5-7)  bovo  suc- 
comfully  oaployod  tbls  typo  of  circuit  la  ceoblali^  ftos  4  to  A4 
XKFATT  dlodos.  Tbo  cyliadricol  rosoamt  covlty  mobiaor  doolgn  bos 
bom  ouceossful  bocouso  It  offors  amy  odvmtogos  sucb  os  blgb  coab- 
lalag  offlcloacy.  o  Urge  copoclty  for  coablalag  XMFATT  dlodos*  aoeb- 
•alcol  oad  oloctrlcol  froguoacy  tualag*  oguol  oaplltudo  sad  phoso  dls- 
tributlm  to  ooeb  diudo  circuit.  Urga  If  pouor  goaorotlm  por  ualt 
valuas,  oad  ooso  of  fobrlcotioa* 
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SffMnt  of  :h<  Probl— 


Iwm  KlMugh  cIm  TW.__  eylladrieal  r«MM«t  cavity  eeabiaar  liaa 
teaa  widely  U8«d«  the  daaitn  of  the  paaaiva  cMbisar  circuit  ia  not 
7«t  wall  defined  with  reapect  to  developinf  a  eloeed  fern  aelution 
for  the  inpedance  praaented  to  each  individual  IMPATT  diode  for  any 
order  and  aice  coublner.  Verieua  t^ehelquea  auch  aa  inpedance,  $• 
paranater,  and  trenaniaaion  aatrix  nodelling  have  been  need  with 
food  reeulta  on  low  order  (i.e.  conbinera  eaployins  only  a  few 

IMfATT  diode  circuita.  Rouever,  for  higher-order  coi^iaera  with  a 
large  nuUber  of  diode  circuita,  the  exiating  nodele  are  not  accurate 
enough  end  ere  uaed  only  for  initial  deeifa*  The  final  deaign  ia 
uaually  derived  by  eapirical  adjuatnant  of  certain  eonbiner  pare- 
netera.  Another  factor  affecting  optiaal  TM^  eonbiner  deai»  ia 
achieving  naxinun  conbining  efficiency  uhich  ia  indirectly  related  to 
the  eonbiner  inpedance  reeponae.  The  epecific  ereaa  of  iaveatige~ 
tion  to  be  praaented  include  cylindrical  reacnant  cavity  eonbiner 
theory  (Chapter  II),  cylindrical  reacnant  cavity  nodelling  (Chapter 
III),  and  the  charecteriaatien  end  teat  of  a  eonbiner 

(Aapter  XV).  The  eunnary  end  conclueiona  ere  aubeequently  praaented 
in  Chapter  V. 
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CTLXMMICAL  KESOMAMT  CAVITY  CCNBIw^St  THEORY 

C«BT«I  Chwacf  riaticf 

A  1N_  eoabiscr  «•  ahoiiR  in  Figura  1  coMiat*  o(  Mvarali  XMFATT 

POO 

dioda  cireulca  locatad  arow^  ttia  pcrlphary  of  a  cyllodrlcal  cavity 
ahieti  raaonataa  in  a  aeda.  Raaonaat  cavity  eoaibifiara  aay  oparata 

OOP 

aa  rafXactioo  aaplifiara*  ihjactioo-lockad  oaclilatora*  or  fraa  nm- 
niag  oacillatora  dapanding  on  circuit  daaign  conditio^a.  Oparaeing  aa 
aa  aaplifiar  a  circulate  auat  ba  uaad  witli  tlM  raaooaat  eoabinar  to 
iaoXata  input  aad  output.  Aa  aa  aaplifiar.  IF  aaargy  ia  couplad  to  tha 
cavity  B-fiald  through  a  probe  located  at  tha  cavity  canter  aad 
corraapoadingly  to  each  diode  circuit  via  tha  cavity  h^fleld  uhich  cir* 
eulataa  circuafaraatially  within  the  cavity.  The  aapllfiad  tF  wavafora 
ia  coupled  out  of  the  coahiaar  in  tha  ravaraa  order.  Aa  an  oacillator, 
tha  UCFATT  diode  circuita  act  aa  individual  aourcaa  which  art  ccabinad 
aad  loehad  ia  fraguancy  through  reactive  pulling  to  tha  cavity  raaon«it 
fraguaacy.  A  TH _ coahiaar  haa  1N>1  raacoMt  fraguanciaa  for  each  node 

POO 

in  tdUch  oacillation  any  occur  tdlth  oaly  ana  of  thaaa  being  tha  daoirad 

raaoaant  node.  Thua  for  prapor  oparatian,  a  cavity  with  a  raaaanahly 

high  Q  aunt  ba  uaad  to  aynchraaiaa  tha  diode  circuita.  Aa  altaraativa 

aathad  for  obtaining  ayachrouaaua  aparatiaa  ia  injactiawlaekiag.  Xa 

iajactian-lockiag.  fraguaacy  aynchroaiaatiaa  at  tha  cavity  frafaaacy  ia 
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obtained  by  using  a  low  level  RF  Input  to  which  the  diode  circuits  lock 
In  frequency.  Again  a  circulator  mist  be  used  to  Isolate  Input  and  out* 
put.  The  cylindrical  resonant  cavity  In  all  cases  performs  the  func¬ 
tions  of  distribution  or  combining  of  RF  power  and  also  operates  as  a 
tuned  circuit  or  bandpass  filter  due  to  its  resonant  characteristic. 


The  Cylindrical  Resonant  Cavity 


The  cylindrical  resonant  cavity  is  the  basic  microwave  circuit 
element  of  a  cylindrical  resonant  coinblner.  A  cylindrical  resonant 
cavity  nay  be  formed  by  placing  metallic  ends  on  a  short  section  of 
circular  waveguide.  The  solution  for  the  fields  existing  within  a 
cylindrical  resonant  cavity  can  be  found  in  several  books  [3«8].  The 
solution  proceeds  by  solving  for  the  cylindrical  wave  equation  with 
the  assumption  that  there  is  an  initial  Induced  electromagnetic  field 
and  that  the  cavity  is  a  lossless  medium  containing  no  charge.  The 
resultant  fields  that  are  established  are  designated  as  either  TM 

VIh 

or  TE  modes  where  the  m,  n»  and  q  subscripts  refer  to  the  angular* 
mnq 

radial,  and  longitudinal  variations  within  the  cavity.  In  developing 
the  cylindrical  resonant  combiner.  Harp  and  Stover  chose  to  limit  the 
operation  of  their  combiner  to  the  TM  mode  where  n"l,2,...  .  They 

OHO 

did  so  because  the  field  variations  of  this  set  of  modea  as  shown  in 
Figure  2  were  correct  for  coupling  to  a  center  probe  and  to  a  number 
of  coaxial  circuits  at  the  periphery  of  the  cavity.  In  general,  modes 
with  longitudinal  variation  may  be  eliminated  from  consideration  by 
proper  choice  of  cavity  length,  leaving  1M_^  and  modes  idiere 

■DO  DDO 
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and  .  Two  of  the  oodea  are  ahown  In  Flg- 

ura  3.  Kota  that  the  E-flald  ■aaiwwa  of  thasa  «odaa  do  not  occur  at 
the  cavity  center  but  the  H-flald  of  these  nodes  continues  to  circu¬ 
late  around  the  cavity  wall.  There  exist  an  Infinite  nuaber  of  these 
■odes  as  well  and  their  resonant  frequencies  ara  deierulned  fron  the 
following  equations* 


_ I _ _  3Lffi9L 


where  a«cavity  radius 

X^*nth  sero  of  the  nth  order  Sessel  function  J|,(x^) 

X^«nith  sero  of  the  nth  order  Bessel  function 

Tables  1  and  2  provide  representative  values  for  these  seroes  idileh 

■ay  be  found  for  example  In  Tablea  of  Punetlona  by  Jahnke  and  Esde 

[16].  By  co«parl«on  of  Tables  1  and  2*  It  nay  be  noted  that  there  are 

several  frequencies  where  the  TM_  and  TB  nodes  overlap.  By  select- 

ano  nno 

Ing  and  n*l»2,...  various  nodes  can  exist  within  a  cylindrical 
cavity.  Only  the  ^ 

Indrlcal  cavity  conblner  designs  [4-7]  to  date.  The  resonant  frequency 
then  for  a  node  would  be  detemlned  fron  equation  (1)  by  substi¬ 
tuting  e  value  for  from  equation  (1)»  for  a  constant  reaonant 

00 

frequency,  a  larger  redlua  cavity  and  a  larger  nunber  of  diode  coaxial 

circuits  nay  be  Stained  by  using  a  higher  order  IK _ noded.e.  n»l}. 

000 

There  are  difficulties  la  doing  this,  however,  because  the  freqneacy 
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Figure  2.  IM  Moie  Field  Conflguretions.  E-fleld  .  x» 
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H-fleld 


Figure  3.  lii^Kode  field  Ceeflgurattoee.  Enfield  .  x* 
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TABLE  1.  Ordered  Zeroee  *»  •'  vw 


0 

1 

2 

3 

4 

5 

1 

2.405 

3.832 

5.136 

6.380 

8.771 

2 

5.520 

7.016 

8.417 

9.761 

12.339 

3 

8.654 

10.173 

11.620 

13.015 

15.700 

4 

11.792 

13.324 

14.796 

16.223 

TAJ^  2.  Ordered  Zeroee  of  J^(x^) 


0 

0 

1 

2 

3 

4 

r"' — . . 

S 

B 

3.832 

1.8A1 

4.201 

5.317 

6.416 

2 

7.G16 

5.331 

8.015 

9.282 

10.520 

3 

10.173 

8.536 

11.346 

12.682 

13.987 

4 

13.324 

11.7Q6 

13.170 

- 

- 

«• 
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•ep*ratlon  between  adjacent  nod-rs  as  shown  In  Figure  4  becomes 

smaller  as  n  Incrsasss.  Researchers  who  have  addressed  this  problem 
[5»7]  have  applied  node  suppression  techniques  In  their  combiner  de¬ 
signs.  These  techniques,  although  effective  in  suppressing  undeslred 
modes,  do  Increase  the  loss  In  a  combiner  or  conversely  Its  combining 

efficiency.  For  the  TM  node,  the  field  variations  are  presented  as 

ono 

where  the  tine  harsMnlc  variation  has  been  suppressed.  From  close 
Inspection  of  these  two  equations,  it  can  be  seen  that  the  E-fleld 
has  only  a  z-component  and  varies  as  a  function  of  r  with  a  maximum 
Intensity  at  the  cavity  center.  The  H-fleld  has  only  a  ^-component 
and  also  varies  as  a  function  of  r  with  a  maximum  near  the  cavity 
side  wall.  Because  a  IM  ^  mode  has  no  4  variation,  the  placement  of 
IKPATT  diodes  Is  not  critical  and  the  nuidker  of  diodes  which  can  be 
used  In  a  cylindrical  combiner  is  limited  by  factors  such  as  circum¬ 
ferential  length  and  diode  package  else,  power  dissipation,  and  Iso¬ 
lation  between  diode  circuita.  The  TM^^  modes  have  similar  variation 

■no 

with  respect  to  radius  but  also  have  angular  variation  as  well  (see 

Figure  3).  In  the  design  of  a  cylindrical  resonant  ceebiner,  it  is 

hi^ly  desirable  to  achieve  single  node  operation  (i.e.  a  single  1N_ 

0©^ 

mode) .  XMFATT  diodes  can  resonate  at  their  own  avalanche  frequencies 


lAsawiBiawgi 


fnKfiiiiwini 


as  a  part  of  the  coaxial  circuits  or  they  nay  be  synchronized  to  one 

of  the  nonaynnetrlcal  TM  nodes.  If  an  ZMPATT  dloda  raaonatas  In 

nno 

one  of  these  nodes,  not  only  will  RF  power  generated  by  that  diode 

not  couple  to  the  external  circuit  but  the  diode  nay  becone  unstable 

In  that  mode  and  result  In  failure.  When  the  IMPATT  diodes  of  a 

nultldlode  cavity  conblner  resonate  Into  their  own  loads,  the  output 

RF  spectrum  shows  distinct  resmant  lines  [6,7]  and  the  output  power 

thus  achieved  Is  not  useful  for  anpliflcatlon  or  as  a  source  of  RF 

power.  Thus  to  achieve  single  mode  operation,  a  resonant  combiner 

must  employ  a  high  Q  cavity  which  gives  this  type  of  combiner  a 

characteristic  of  being  a  narrowband  amplifier  or  tunable  source. 

The  unloaded  Q  of  a  cylindrical  resonant  cavity  may  be  found  by 

taking  the  ratio  of  the  energy  stored  In  the  cavity  to  the  power  dls- 

alpated  in  the  cavity  walls  per  cycle  times  2x.  The  unloaded  Q  for  a 

TM^^  or  TM  ^  mode  la  given  by  [3,8], 

■10  ono  , 


where  n«intrinslc  wave  Impedance*  120v  ohms, 

R^oskln  resistance,  and 
d*eavlty  height. 

Prom  inspection  of  this  equation,  it  can  be  noted  that  the  unloaded 

cavity  Q  of  a  or  TM^^  mode  is  directly  proportional  to  the 

MO  ono 

order  of  the  mode  but  inversely  proportional  to  the  cavity  radiua  for 
a  given  cavity  height.  The  unloeded  cavity  Q  is  also  inversely  pro¬ 
portional  to  the  square  root  of  frequency. 


- -I  _ ^ _ — _ ; — : - — - - — 


Coaxial  Dlodt  Clrcuif 

Tha  dloda  clrculta  in  a  cylindrical  raaonanc  coabinar  aacb  coa- 
•Aat  of  an  IMPATT  dloda  and  ln^dancc  aatchlnt  tranaforaar  placad  at 
ona  and  of  a  coaxial  trananiaaion  lina  with  a  biaa  faad  and  nicrowava 
abaorbar  load  placad  at  tha  oppoaita  and.  Tha  purpoaa  of  tha  ia- 
padancc  natehing  tranafonaar  it  to  natch  tha  Inpadanca  of  tha  con- 
binar  circuit  vhich  includaa  tha  cavity  and  nicrowava  abaorbar  load 
raaponaaa  plua  the  inpadanca  of  tha  other  coaxial  llnaa  ra fleeted 
through  tha  cavity  to  tha  aaall  inpadanca  of  tha  IMPATT  diode.  Tha 
inpadanca  of  a  packaged  IMPATT  dloda  typically  haa  a  negative  raaia- 
tanca  conponant  on  the  order  of  -1  ohna  and  a  inductive  reactance  con- 
ponant  of  approxinataly  6-d  ohna.  Tha  nicrowava  abaorbar  functiona  aa 
a  atabillaing  load  for  tha  IMPATT  diode  at  fraquanciaa  away  for  tha 
daairad  TM__  node.  In  other  worda  to  elininata  runaway  oaeillationa. 
the  poaitiva  circuit  raaiatanca  nuat  be  greater  than  or  equal  to  tha 
nagnituda  of  tha  negative  IMPATT  raaiatanca.  In  operation,  atanding 
voltage  and  currant  wavaa  axiat  on  tha  coaxial  linaa  and  if  tha  nicro- 
wave  abaorbar  load  poaition  ia  adjuatad  ao  that  a  currant  naxinun 
ia  located  at  tha  cavity  nidplana*  than  naxinun  power  tranafar  Iron 
tha  coaxial  linaa  to  tha  cavity  or  vice  vnraa  occura.  This  naxinun 
power  tranafar  occura  baeauaa  tha  atanding  currant  wavs  easily  eouplaa 
to  tha  H-fiald  of  tha  cavity.  TIm  nagnituda  of  tha  atanding  wavaa 
and  hence  tha  fraction  of  power  tranafarrad  to  tha  cavity  can  be  con¬ 
trolled  by  tha  ahapa  of  tha  nicrowava  abaorbar.  Various  gaonatriaa  of 
tha  nicrowava  absorber  such  as  flat,  partial  taper,  and  full  taper  as 
shoim  ia  Pigura  6  have  bean  invastigatad  [A-7].  Tba  flat  tamlaatioa 
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hM  bean  found  to  prouldo  Che  boot  powtr  cranofor  or  eonbising  offl« 
eloney  but  io  norroubood  vbllo  tho  fully  toporod  toraiaoclon  roouleo 
la  0  poor  eoablning  ofvicioocy  and  hao  tba  broadoot  bandwidth.  Micro* 
wart  doalfftoro  hovo  laploaontod  partially  taporod  tomioatiofto  to 
aeblavo  aoderoto  baadwldCha  whilo  aalatalnlag  accoptoblo  afficloacy* 
Tho  aquations  daaeribiAg  cha  i^padaaea  praaaatad  to  aa  OffATT  ara 
atMUB  latar  ia  Chapter  III. 


CBAPm  1X1 

CyLXIQSLlCAL  ItESOKANT  CAVITY  CCHBUm  MODELLItlS 

Tharc  «r«  Mvertl  approach**  (a.g.  aaplrlcal  [5]*  lapadanc* 

{2t6I»  S~paraMe«r  (?]»  md  tranaalaaloa  aatrlx  aodalXlng  achoM*) 
Including  coahinationa  of  thaaa  idilch  hava  baan  appllad  to  aodalllng 
an  H'^ioda  cylindrical  raaooant  cavity  cmihinar  to  data.  Tha 

•oat  vidaly  uaad  nodal  ia  tha  Xurokawa  coahinar  nodal  t2l  tfhich  ia 
haaad  upon  datamining  tha  iapadanca  (adnittanca)  praaantad  to  an  IMFATT 
died*  by  an  )H1  port  natuorh  with  tha  circuit  oparating  aa  a  fraa  run¬ 
ning  oacillator.  Rewavar*  tha  full  petantial  of  cylindrical  raaonant 
coabioara  aaployiug  tHFATT  diodaa  haa  not  baan  raalisad  vith  tha  axia- 
ting  eoabinor  aodala*  Thia  occura  for  aavaral  raaaona.  Firat»  tha 

» 

conbinara  hava  ptiaarily  baan  daaignad  to  oparata  aa  fraa  run- 
ning  or  injection-lockad  oacillator*  dua  to  tha  Kurokaua  nodal.  In 
ganaral  though,  tha  circuit  condition*  for  optlnal  parfomanca  of  a 
coaditnar  a*  an  oacillator  differ  froa  thoaa  for  anplifiar  oparatton. 

Aa  aa  oacillator,  eondidarationa  aueh  aa  fraguancy  atability,  oacil¬ 
lator  TH  noiaa,  and  tunability  ara  inporcaat  tdiila  gain  and  bandwidth 
ara  pradoninant  in  anpllfi«r  oparacion.  Xn  both  caaaa,  circuit  affi- 
eiaecy  ia  of  inportanca*  IIm  circuit  raguirananta  lor  an  oacillator 
ara  auch  that  whan  tha  fraguaney  ia  variad,  tha  peiiar  output  ahould  ra- 
•nin  conatant.  howavar  for  an  anplifiar,  aa  tha  input  Iraguancy  unriaa 


«t  «  glvm  poiMr  Uv«l»  cIm  tMin  fhould  rMaln  eoostnt  over  tko  band- 
«ldt}i  of  eho  aaflifler.  Fro*  tho  circuit  vioi^iat*  cliio  roguiroo  tho 
device  iapedeace  line  end  Che  circuit  iapedeace  line  to  creek  one 
enotber.  Thue,  e  uore  eccureta  IN _  conbiner  uodel  ehould  be  able  to 

OQO 

include  e^lifier  operation  ea  uull.  Thin  inveetigetion  hea  not  on- 
pheeiied  developing  a  nev  conbiner  nodal  but  rather  Che  etudy  end 
ehereeteritetion  rf  eonbinera  to  inprove  the  exieting  Kurekeue 
nodal.  Secondly,  the  equivalent  circuit  eonponente  of  Che  Kurokawa 
nodeKe.g.  the  coupling  eoefficienta)  are  net  aeceaaible  to  direct  ex* 
temal  neaaurwent  and  uaually  nuat  be  calculated  or  approxiaated. 
taatly.  the  KurokaiM  conbiner  nodal  conaidera  the  conbiner  to  be  a  ay^ 
netrie  IHI  port  aetuork  vith  no  coupling  interaction  betveen  paira  of 
diode  cireuita.  It  baa  been  found  (7)  chat  uhan  the  nunber  of  diode 
circuita  increaaea  beyond  apprwUaately  4*8.  chat  autual  MUpling  af* 
facta  beg.a  to  occur.  The  nodelling  of  autual  coupling  effecta.  ho<^ 
ever*  ia  preaently  coo  coaplex  and  ta  not  included  in  chia  inveatiga* 
Cion.  Thia  chapter  ia  generally  concemed  with  the  Kurokawa 

conbiner  nodel  which  haa  been  ^liad  frequently  to  eonbinera 
and  dateraining  relatione  for  acne  of  ita  eonponente.  Xn  particular 
Che  topiea  to  be  diacuaaed  are  gnneral  nodeHIng  of  two  port  reaenanC 
eavitiea*  the  Kurokawa  conbiner  nodal,  and  equivalent  circuit  inpedanca 
relationa  for  a  conbiner. 

Cnneral  Wodnllina  of  Two«^rt  Keaonant  Cavitiea 
Nierowave  cavitian  are  inherently  very  canplax  nntworka  with  an 
infinite  nunber  of  natural  renonant  frequaneiaa  and  nay  be  nodalied 


vlth  either  iuaped  equivelent  clrculte  or  ee  dletrlbuted  ereoMdeeioo 


lioee  bounded  by  kaom  diecootlauiciee  C^^)*  Zr  tbio  eeocloo  e  very 
geaerel  luoped  eleaeat  repreeeneecloo  will  firet  be  preeeated  end  will 
be  followed  by  e  eingle  node  looped  eleaent  network  aodel. 

General  Kepresentetion  of  Loeeleee  IWo-Tert  taeooaot  Betworka 

In  Ite  aoet  general  fora  a  two^rt  loeeleee  aieroweve  cavity  nay 
be  repreaanted  by  the  network  ebown  in  Figure  6.  Thle  circuit,  aa 
ebown  by  Ragan  (111  Md  Berlnger  (12),  la  derived  by  extending  Foeter'e 
Reactance  Tbeorea  to  a  loaaleae  two-port  network  and  leada  to  tbe  fol¬ 
lowing  open  circuit  reactanoae. 

XiiCw>w(.M  - 

fit* 

Kb( 

iacb  reaenant  loop  la  tbie  network  repreoMte  one  of  tbe  natural  re- 
aonent  nodea  of  tbe  cavity  and  tbe  cepacltore  and  tbe  Ideal  traneforaar 
together  repreeent  direct  ci^aeltlve  coupling  between  tbe  input  and  ett^' 
put  teminale.  Practical  aicrouavo  cevitlee  ere  not  Icealeae  and  the 
dieaipatien  in  tbe  cavity  aay  be  accounted  fenr  by  including  a  aeriae 
reeietor  in  each  reaenant  loop  in  the  equivalent  circuit  of  Figure  b. 

1b  account  for  tbie  eeriee  reeietance  in  aquatieoa  (b-t),  an  additieaal 


il 


tcm  vhould  be  Included  In  the  denoalnetor  of  the  suautlone.  Ae  een 
be  noted,  the  equivalent  circuit  of  the  cavity  aodea  la  'iaacrlbad  by 
aeriea  RLC  circuits,  tikevlae,  the  cavity  sK)dea  say  be  represented  by 
shunt  RLC  circuits.  The  choice  of  which  equivalent  circuit  to  use  la 
detenined  by  the  reference  plane  of  aMsaureanet  [9].  There  are  tvo 
terns  (l.e.  either  the  detuned  short-circuit  position  or  the  detuned 
open-circuit  position)  which  are  used  In  the  description  of  the  ref¬ 
erence  plane  position.  The  detuned  short-  or  open-circuit  Inpedaneea 
are  defined  as  the  inpedance  of  the  natvork  whan  excited  at  a  fre¬ 
quency  far  reaovcd  froa  the  resonant  frequency  of  the  network.  If  the 
detuned  short  circuit  position  were  used,  the  shunt  RLC  circuit  would 
be  appropriate  while  the  series  RLC  would  be  correct  when  the  detuned 
open-circuit  position  was  used,  tflth  respect  to  the  cylindrical  re¬ 
sonant  cavity  conblncr,  the  equivalent  circuit  of  Plture  6  represents 
all  of  the  nodes  possible.  However,  the  two-port  configuration 

la  not  representative  of  an  H4-1  port  conblner  except  when  the  coi^laer 
la  considered  to  be  synaetrlcal. 

Slngle-Kode  Lusq^  ElesMnt  Two-Fort  Resonant  Network  Nodal 

As  stated  earlier,  TM _ coablners  Mgtloy  relatively  hl|0i  Q  eylln- 

ooo 

drlcal  resonant  cavities  which  are  designed  to  operate  la  a  single 
node.  Each  of  the  infinite  resonant  nodes  of  the  cavity  still 
exist  If  atlaulated  but  are  aastwed  to  be  sufficiently  reaoved  froa  the 
desired  node  so  that  their  equivalent  reeonant  circuits  nay  be  renovnl 
fron  consideration.  Also,  the  direct  coupling  elcnMta  nay  be  renm^ 
if  found  to  be  snail  enough.  In  a  coeblaei:,  the  direct  coupling 

la  assuned  to  be  snail  because  the  center  probe  and  coaxial  lines  are 
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not  In  clot*  proxlnlty.  Thn  rnault  la  an  aqulvalant  circuit  uliicli  ia 
conpeaad  of  a  aiagla  aariaa  ILC  or  alnac  XLC  circuit  r^raaantiat  a 


particualr  TM  ^  node  vith  ideal  traaafonara  rapraaantint  the  couiplitts 
of  tba  input  and  output  circuita  aa  ahoun  in  Figura  7*  Tba  alnmt  tLC 
raaonaat  circuit  and  ideal  tranaforaera  are  need  ia  a  daaaic  paper  bp 
furokawa  to  aodel  a  raaonaat  uayegulde  conbiner  ubick  ia  diacuaaed 
later.  Before  deacriblng  ttia  Kutokawa  nodal,  eke  Q  faetora  (i.a.  eke 
leaded,  external,  and  unloaded  Q'a)  of  a  two-port  luaped  elenent  re> 
aonaat  netuork  are  given. 

Q  Faetora  of  a  Loaaleaa  l^wFort  Beaonaat  Metuork 
Conaider  a  aingle>aode  lui^;«d  elMMat  raaonaat  netuork  aa  ahoun  ia 
Figure  7  below  vblek  repreaenta  a  cavity  eoi^liag  ayatea  with  aatebed 
input  and  output  lapedancea  Z.  and  Z, .  For  a  TM__,  co^iaer,  Z.  would 
b.  th.  iq>.4wc.  ,r.«.c.d  to  cte  e<>iikK»(  «d  wuW  r.- 

preaent  the  XKPATT  diode  circuit  iap^aneea  ia  parallel  for  e  aye- 
aetrie  conbiner. 


Figure  7.  S^iglo-Mode  Xeeonaat  Cavity  Bguivaloat  Circuit 


^  -  -I?-;: 


20 


Th«  eoupllog  cltBtttt*  arc  aaauaad  to  ba  loaalaae  (l.a.  bacauaa  any 
loaa  nay  ba  canecllad  by  aoitabla  cholea  of  rafaranea  ylaaaa)  and  no 
Itttaraction  batvaan  thoi  la  aaaunad  to  occur.  Traoaforalag  tha  gM- 
arator  and  load  circulta  to  tha  raaonanc  circuit »  tba  loaded  p  of  tha 
natwerk  ia  aaally  dattfuiiiad  aa« 

O. _ _  Q. 

U 


Qi 


Z.6. 


s; 


(9) 


•rh...  Q^^UJoC/G, 


Tha  axtamal  Q,  ia  tha  Q  of  tha  axtamal  natvork  only  and  for  tha 


circuit  of  Figure  7,  it  ia  defined  as. 


a;aC/Gc 


Q. 


ZaOt  ZlQ. 


(10) 


Tha  Kurokwa  Coubinsr  Modal 

Eurokaua  in  1971  presented  a  paper  on  *^a  $ingle*<:avity  Multiple- 
Device  Oscillator”  (2)  which  has  been  referenced  and  used  by  uany  re-' 
aaarchars  in  the  coiri>iner  area  to  nodcl  cylindrical  resonant 

OHO 

cavity  coubiners.  His  a»del  is  derived  ftMi  the  theory  already  pra- 
aantad  in  this  chapter  except  that  the  circuit  he  uses  (i.e.  an  Hfl 
port)  ia  auch  aore  couplex.  Ha  uses  a  single  shunt  kLC  circuit  to  re" 
present  the  resonant  cavity  (i.e.  a  vavaguide  cavity)  and  lossless 
ideal  transforaers  to  represent  coupling  to  tha  cavity.  Tha  diode 
circuits  ha  uses  are  identical  to  those  used  in  a  TM_.  coablnar. 

OHO 

Kurokava  takes  tha  approach  of  solving  for  the  eigenvalue  equations 
for  the  network  adaittance  facing  each  IMPATT  diode  whan  tha  eos^inar 


is  opcrattd  ••  a  fr«t  rtMmlng  oaelllator.  llaMly  vlMti» 

Ym’NYi,  «*> 

«lMr«  r«pr«M»ta  tha  adi^ttaaea  of  tho  N-port  notoork  and  rapra- 

aanta  ttia  adaittanea  of  a  alngU  XMPAIT  dloda.  Ibtrokaiia  aaataMO  aqual 

eoapling  to  ail  eha  dloda  elrcuita  aod  nagia&ts  any  crntpUng  batwaan 

palm  of  dloda  circuits  through  tha  raaooaat  cavity.  In  KurokawaU 

circuit (1. a.  a  ractaagular  vavagulda  con^lnar),  thla  aaauaptloo  la 

corraet  hacauaa  aaeh  dloda  circuit  auat  ba  apacad  by  half  vavalangtha 

for  aaxlauB  coupling  to  tha  vavagulda  M-flald.  Rovavar*  tha  aam  la 

not  trua  In  a  IH  coablnar  vhara  tha  spacing  Is  not  uavalaitgth  da- 
ono 

pandant  and  Isolation  batvaan  aach  dloda  circuit  dacraasaa  significant¬ 
ly  with  an  incraaslng  ouabar  of  dloda  circuits.  Vhan  tha  Isolation  ba- 

tnaan  dloda  circuits  in  a  1M _  conblnar  baconaa  too  snail*  tha  IT 

voltaga  anplltudas  of  aaeh  dloda  circuit*  nhleh  ara  not  nacassarlly  In 
phaao*  will  causa  slngla  or  pairs  of  dlodaa  to  rasooata  at  fraquanclas 
Indap^mdant  of  tha  cavity  rasonant  fraguancy.  As  statad  aarllar*  thaaa 
•utual  coupling  of facta  vlll  not  ba  traatad  hara.  Xurokawa  alao  dls- 
eusaas  tha  circuit  conditions  for  supprasslng  undaslrad  nodas*  stabla 
oparatlon*  and  Injaetion-locklng  and  prasanta  aquations  on  circuit  af- 
ficiancy  and  nolaa  parfomanea.  In  tha  saction  on  oufM^rasalng  un- 
daalr»«i  nodas*  Kurokawa  statad  that  tha  coupling  eoafflclant  for  othar 
nodas  will  ba  eonsidarably  anallar  than  for  tha  daslrad  nods*  thus* 
alininatlng  any  aodlng  problMS*  Nowavar*  It  has  baan  notad  by 
Naatrolanni  (61  and  in  this  invastlgation  that  natehad  totaling  can 
occur  ainultanaously  to  nora  than  ona  neda  for  ear tain  circuit  con¬ 
ditions.  thus*  XMFATT  dloda  oparatlon  in  an  undaslrad  is 


certainly  poailble.  Kurokava*  in  his  aodalt  usas  a  taparad  nicro- 
vava  absorber  load  which  tava  his  design  axcallant  stability  (i.a. 
a  taparad  load  causes  aatchad  coupling  of  all  nodes)  in  a  singla 
node.  The  taparad  load«  however,  resulted  in  poor  coabining  af> 
ficiancy.  Because  Kurokawa  uses  a  tapered  load,  he  describes  the 
load  aa  a  constant  equal  to  the  characteristic  inpedance  of  a  50  ohn 
coaxial  air  line  which  in  the  general  case  it  is  not.  Inpedance  re- 
lations  ware  developed  for  a  flat  nicrowave  absorber  load  and  are 
presented  later  in  Chapter  III.  The  neaaured  versus  calculated  iah> 
pedance  of  a  nicrowave  absorber  load  is  presented  in  Chapter  IV. 


Conbiner  Equivalent  Circuit  Inpedance  gelations 


In  this  section,  the  equivalent  circuit  relations  for  a  TM 

ono 

conbiner  which  is  baaed  upon  the  Burokawa  nodal  are  presented.  Hie 
inpedance  presented  to  aa  DfPATT  diode  will  later  be  conputed  using 
this  nodel  and  then  conpsred  to  the  neaaured  results  in  Chapter  XV  to 
test  the  applicability  of  the  Kurokawa  nodal.  Other  approaches  to 
nodelling  a  TH^^  conbiner  (i.e.  using  S'^ranetera)  were  considered 
but  S-paraneter  nodelling,  in  general,  does  not  provide  the  nicrowave 
designer  with  the  infomation  necessary  to  predict  conbiner  perfor- 
nance  as  a  function  of  circuit  paraneters.  The  soda  wee  select¬ 
ed  in  this  investigation  so  that  circuit  interaction  with  nodes  ether 
than  the  desired  node  could  be  characuriaed.  The  tl^^o 
equivalent  circuit  is  presented  in  Figure  8.  The  circuit  is  a  stagle- 
nede  iH>l  port  resonant  network. 
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lapedance  Presented  to  an  IMPA^  Diode 

For  the  aroBMtrlc  slngleHBode  TM _ coid>iner  equivalent  circuit 

Olio 

ahown  in  Figure  8,  the  l^edanee  presented  to  an  IHPATT  diode  by  the 
network  is  described.  As  stated  before*  the  Inpedance  presented  to 
the  diode  is  based  on  the  oscillator  condition.  The  Inpedance  pre¬ 
sented  to  an  IHPATT  diode  can  be  detemlned  at  the  diode  plane  or  at 
the  cavity  midplane.  If  the  network  Inpedance  is  detemlned  at  the 
cavity  nldplane*  it  is  equated  to  a  transfomed  diode  impedance  (l.e. 
the  inpedance  of  the  diode  transfomed  through  the  matching  transfor¬ 
mer  and  a  section  of  coaxial  line).  The  impedance  of  the  combiner 
network  at  the  cavity  nldplane  can  be  shown  to  be* 

Zm 


where  Z^microwave  absorber  Inpedance 

IHiunber  of  diode  circuits 

Q.*unloadcd  cavity  Q 
c 

Q^-extcmal  Q 

Next,  the  is^dance  presented  to  an  XMPATT  diode  is  detemlned  by 
transforming  through  a  short  SO  ohn  section  of  line  and  a  X/4  trans- 
foraar.  The  impedance  presented  to  the  X/4  transformer  is  detemlned 
from 


Z#  4  JZutAnA^ 


(13) 


vhcre  t  1*  the  length  of  line  between  the  cevity  eldplene  end  the  X/4 
trenefonaer.  A  celculetor  progres  to  generete  thie  lapedeaee  wee 
developed  end  le  provided  in  Appendix  B.  The  network  lapedenee  which 
ie  equated  to  the  diode  iapedence  ic  eubeequently  detereined  ueing* 

Zo=Zt7z;  (u) 

where  X/4  trenefomer  lepedence. 

The  Batching  trena former  lapedenee*  la  calculated  uaing* 

Zt  «W) 

where  b*  radiua  of  the  coaxial  line  outer  conductor* 

a«  radiua  of  the  coaxial  line  center  conductor*  end 
c^"  dielectric  peralttivity  conetant. 

A  prograa  eallen  ZCQKB*  provided  in  Appendix  A*  vaa  written  to  cel* 
eulate  repreaentative  valuea  of  Z^  aa  a  function  of  frequency  for 
later  conparieon  to  the  aeaaured  data. 

Reaonant  Circuit  Elcnent  Relatione 
Before  the  iapedance  preaented  to  the  IMPATT  diode  can  be  cal¬ 
culated*  the  relatione  for  the  reaonant  circuit  eleaenta  muat  be 
known.  The  conductance  of  the  reaonant  cevity  aay  be  ahown  to  be  [8]* 


which  la  detemined  from  coneideration  of  the  dieaipated  power  in  the 

cavity.  Uaing  the  equation  for  unloaded  cevity  Q  (i.e.  Q-m  C  /6  ),  the 

o  c  c 

reeonent  cavity  capacitance  can  be  deeerlbed  ea* 


Following  this,  tho  oquntion  for  tho  rosonaat  cavity  iaduetaaca  la 
2 

found  froB  M  "l/LC.  Tha  inductance  la, 

0 

1  _  '  » 

l-t- hF'  KO/dXmtJXXm*)  ‘  " 

Laatly  for  uaa  in  aquation  (12)*  tha  aquation  for  /c  7t  it* 

c  c 


Microwava  Ahaorhar  Xa^adanea  Kalationa 
Tha  nierovava  ahaorhar  or  atahillaation  load  which  tarsinataa  tha 
dioda  line  can  ha  viewed  aa  an  infinite  coaxial  tranaaiaaioB  line  (i.a. 
due  to  tha  cigaificant  attanuatico  charaetarlatic  of  tha  ahaorhar)  with 
coaplax  valuaa  of  paraittivlty  and  paraaahillty.  Tha  aierowava  ahaor- 
her  ia  a  coi^ticion  of  iron  and  axpoxy  called  ECCOSOti  NF  116  (17). 

Tha  coaplax  values  of  paraittivity  and  paraaahiltty  are  oaadad  haeauta 
of  tha  electric  and  aagnatlc  propartiaa  of  tha  ECCOSOKl  natarial.  Tha 
ganaral  relation  for  tha  charaetarlatic  inpadanca  of  a  diatrlbutad 
transalaaion  line  can  ha  uaad  to  daacrlha  thla  inpadanca  and  la  given 
«a. 


Tha  individual  conponantp  of  aquation  (20)  can  ha  datamiaad  fron 
atatic  flalda  and  are  dafinad  aa* 


whara 

ft* 

It  t«  «1m  umIuI  to  eoapttto  tho  ottoaiMitloa  coootoat*  ft*  for  thift 
vfttftriftl  vhieli  my  t«  eo«pttt«d  fro«i* 


ft  a 

o(.  Re(  y)»  R<[/(R-»jwLX6+jwC) 


(25) 


ftitli  thft  •uftfttittttieo  of  ft^tiooft  (21-24).  In  toiw  of  di/ca*  o 
ift  |loM  ••* 

ft(4ft/ea)  •  f.ftftft  X  10**^  «(Bft^ft/Mtor) .  (24) 


Xa  tbt  ftftettea  on  acftourtaftata*  it  will  bo  fthoHO  that  tba  ftafialat 
aaaatioaft  for  tha  aicrowava  abaorbar  loa4  ara  coftparatioaly  aecMrata 


oupm  XV 

1M|j20  CONBim  OUlUCmiZATICII 

Hm  objccelv*  of  ehio  ehoptor  lo  to  ehoroctorlso  a  ^20 
cooblnor  in  ordar  to  coat  tha  applicability  of  uaing  tha  Kurokawa 
■odal  aa  propoaad  by  varioua  raaaarcbara  for  ■odalliog  bigbar-  ordar 
aoda  mltipla  dioda  coabiaara.  Tba  cbaractarisation  eonaiata  of 

praaantinc  taat  data  on  aingla*  and  two-pore  aieroiMva  MaanraMata  on 
a  cylindrical  raaoaaat  cavity  taat  coabiaar  and  than  corralatiag  tba 
•aaaurad  iapadaaeaa  of  tba  coabiaar  with  ealculatad  iapadaacaa. 

11^20  Coabiaar  Datcription 

iy  aaiaf  aguatioo  (!)•  a  ‘XMq20  coabiaar  waa  daaigaad  with  a 

raaoaaat  fraquaaey  of  10  CMa.  Tba  ^q20  ****  aalaetad  for  tba 

daaign  ao  that  tba  ralativa  iatarfaraaea  froa  otbar  aedaa  (a.g.  tba 
TMj^q  could  ba  atudiad.  A  croaa  aaction  of  tba  taat:  coabiaar  ia 

abowo  ia  Figura  9.  Tbia  taat  coabiaar  baa  baaa  daaigaad  witb  faaturaa 
that  ara  not  included  ia  a  typical  coabiaar  daaign.  Tba  taat  coiAiaar 
baa  four  coaaial  linaa  ia  ubicb  tba  iapadaaca  aatcbiag  traaaforaara  and 
mPATT  diodaa  bava  baaa  replaced  witb  .230**  aaai-rigid  coax  and  type  II 
coaxial  ceaaactora.  Tba  laagtb  of  tba  coaxial  linaa  waa  cboaan  ao  that 
later  uaa  of  XHFATT  diodaa  ia  tba  ctwbiaor  would  ba  poaaibla.  With 
tiUa  oodiftcatien.  tba  iapadaaca  praa«itad  to  aa  THFATT  diode  can  ba 
aaaaurad.  Tba  taat  coabiaar  alao  a^tloya  aovaabla  flat  profile  aicro- 
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wav*  abforbar  eaninatioM  and  provlaioa  la  aada  for  adjuatlnt  tha 
cavity  halght  to  chaaga  tba  Q  of  tha  raaonaat  cavity  (i*a»  wltli  io> 
aorta).  Tha  alerowava  aboorbara  vara  atada  froa  tha  tCCOSOlB  KF  116 
aatarial  daacrlbad  aarliar  and  wara  doalgiiad  to  ba  poaltloaad  1/4 
vavalanftba  froa  tha  cavity  aidplaaa  abao  fully  isaartad.  Tba  input 
to  tba  teat  coabinar  la  alao  a  .250**  coaalal  lina  and  eouplint  to  tba 
cavity  ia  aecoapliahad  via  a  .025**  aataaaicn  of  tba  cantor  conductor. 
Ona  additional  faatura  tha  taat  coabinar  baa  ia  a  .250**  fraquancy 
tuning  plungar  vbicb  ia  located  oppoaita  to  the  coaxial  input  lino 
along  tha  cylindrical  cavity  axia.  Modificationa  to  tba  axiating  taat 
coabinar  for  uaa  aith  IKFATT  diodaa  include  replacing  tha  coaxial  out¬ 
put  linaa  with  diodaa  nountad  on  a  uatar  cooled  copper  hcataink  and 
radaaigMd  coaxial  caat«  condtwtora  having  1/4  notching  tranafomara. 

TI^2q  Coabinar  Kaaauraaanta 

Tba  characterisation  of  tha  taat  coabinar  waa  prinarily  aceon- 
pli^iad  uaing  an  N?  654SA  Autoantic  Notwork  Analytar  (ANA) .  A  block 
diagraa  of  tha  AKA  aaaauranent  ayatan  ia  ahown  in  figure  10.  loth 
naaual  and  autonatic  aaaaurananCa  can  ba  nada  uaing  tha  AKA:  houavar. 
only  annual  naaaurnnanta  vara  parfomad  ia  thia  invnatigation  due  to 
tha  raquiraaant  for  naking  broadband  naaaurananta  to  obaarva  tha  taat 
CMbinor  raapMoa  ia  aavaral  raaonant  nodaa.  Tha  naaual  naaaurananta 
wara  nada  by  taking  outputa  fron  the  AHA  and  racordiag  traaaadaaion  co> 
officiant  and  inpad anea  data  uaing  an  HP  7046A  X-Y  mcordar.  Tbaaa 
naaaurananta  aa  daacribad  in  tha  follMlag  paragrapba  conaiat  of 
naaauring  the  taat  eeobinar  0,  eonbinar  input  lafadanca,  eonbinar 

It 


coaxial  line  Impedance,  and  conAlner  tranaaleaion  coefficient. 


Combiner  Q  Meaaurementa 

There  are  aeveral  techniques  to  measure  the  Q  of  a  resonant  cir¬ 
cuit.  These  techniques  can  be  grouped  into  transmission  methods, 
laq»edance  measurement  n^thods,  transient  decay  methods,  and  dynamic 
methods.  Ginzton  [9],  in  his  textbook,  shows  a  fairly  accurate  graph¬ 
ical  method  of  determining  the  unloaded  Q,  the  external  Q,  and  the 
loaded  Q  of  a  resonant  cavity  using  the  Smith  chart.  His  graphical 
method  assumes  no  coupling  loss.  The  transmission  method  is  the  sim¬ 
plest  to  measure  but  only  the  loaded  Q  of  a  resonant  network  may  be 
determined  directly.  The  transient  methods,  which  consist  of  measur¬ 
ing  the  decay  time  of  an  KF  pulse,  are  also  accurate  but  only  when  the 
cavity  Q  exceeds  '^10,000.  Ginzton 's  graphical  method  of  measuring  the 

IM  test  cavity,  combiner  circuit  Q's  has  been  used  and  these  values 
020 

for  different  cavity  heights  are  shown  in  Table  3  below. 

Table  3.  ^q20  Combiner  Measured  versus  Calculated  Q's 


Cavity 

height,  d(in.) 

™020 

frequency  (GHz) 

Q  (calc.) 

0 

.150 

9.96 

800 

800 

398 

3861 

.200 

9.97 

1108 

1108 

498 

4949 

.300 

9.98 

2494 

2494 

1247 

6895 

Note:  An  effective  radius  of  1.11  in.  was  used  in  calculating  Q^. 

For  the  measurements,  critical  coupling  to  the  cavity  was  accomplished 
by  adjusting  the  input  probe.  Thus,  the  coupling  coefficient  0«1, 


Q«Q  »  and  Q,«Q  /2.  The  Matured  Q*a  aa  can  be  noted  are  much  lover 

a  O  L  O 

than  the  calculated  valuea.  The  prlMry  reaaon  for  this  diacrepancy 
it  that  additional  loos  exista  at  the  apertures  for  the  coaxial  lines. 
The  coaxial  line  center  conductors  were  renoved  to  achieve  mlnlnun 
coupling  to  the  lines  during  the  Q  neasurenenta .  However*  the  scal¬ 
loped  contour  at  the  cavity/coaxial  line  interface  does  Increase  the 
losses  of  the  cavity.  The  graphical  method  of  measuring  circuit  Q's 
is  shown  by  the  example  in  Figure  11. 

Combiner  Input  Circuit  Measurements 
These  measurements  consist  of  characterizing  the  Input  impe¬ 
dance  response  of  the  ^^20  combiner  under  two  conditions.  The 
first  condition  Is  where  all  the  coaxial  line  center  conductors  at 
the  periphery  of  the  cavity  are  removed.  The  equivalent  circuit  of 
the  test  combiner  then  reduces  to  a  single-port  shunt  resonant  net¬ 
work  with  a  single  Ideal  transformer  representing  the  coupling  to  the 
cavity  (Figure  12) .  With  this  modification,  the  cavity  has  no  ad¬ 
ditional  loading  from  the  coaxial  lines  and  the  response  of  the  shunt 
resonant  network  shown  can  be  observed.  Also,  the  unloaded  and  loaded 
values  of  circuit  Q  were  obtained  this  way.  The  second  condition  is 
where  all  the  coaxial  lines  are  present  and  are  terminated  in  50  ohm 
loads  in  order  to  duplicate  the  circuit  conditions  of  an  ideal  combiner 
(i.e.  one  in  which  there  are  no  mismatch  losses).  The  input  impedance 
for  both  conditions  have  been  measured  with  two  different  cavity 
heights  as  shown  In  Figures  13  and  14.  The  purpose  of  varying  the 
cavity  height  is  to  affect  a  change  in  the  unloaded  cavity  Q.  For 
these  measurements,  the  input  probe  depth  has  been  adjusted  to  achieve 
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Figure  12. 


TM  Combiner  Equlvelent  Circuit  with  Coexlal 
ono 

Lines  Removed 


critical  coupling  at  the  canter  frequency  of  the  ^Q2g  Alao, 

a  reference  plane  exteneion  on  the  network  analyser  ie  adjueted  so 
that  the  input  phase  to  the  eonbiner  is  correct.  When  the  coaxial 
lines  were  in  place,  the  aicrowave  absorber  loads  were  positioned  so 
the  standing  current  wave  on  each  coaxial  line  would  coincide  with  the 
cavity/coaxial  line  aperture  for  naxissm  power  transfer  to  the  loads 
in  the  coaxial  lines.  The  equivalent  circuit  %ilth  coaxial  lines  is 
that  of  Figure  8  and  it  is  expected  that  the  coaxial  lines  will  load 
down  the  response  of  the  cavity  which  it  does  by  looking  at  Figure  13 
or  14.  This  is  because  the  loaded  Q,  which  is  governed  by  equation  (9) 
where  82  represents  the  coaxial  line  coupling  coefficient,  decreases. 
For  the  .150"  high  cavity,  the  center  frequency  of  the  was 

9.96  GHz  with  no  coaxial  lines  present  and  decreasad  to  9.82  GHz  when 
the  coaxial  lines  were  included.  The  center  frequency  decreased  be> 
cause  the  center  probe  had  to  be  Inserted  further  to  achieve  critical 
coupling.  The  resonant  frequency  of  a  cylindrical  cavity  will  decrease 
with  any  perturbation  according  to  the  relation  [8], 

AW*  -  '/Z  (27) 

where  V  is  the  voluna  of  the  cavity  aad  AV  ie  the  volune  of  the  per¬ 
turbation.  With  no  coaxial  lines  the  unloaded  and  loaded  cavity  Q 
values  were  664  and  332,  respectively,  aad  decreased  to  240  aad  120 
with  the  addition  of  the  coaxial  lines  idiich  is  approx^tely  a  2/3 
reduction  in  Q.  With  the  coaxial  lines  in  place,  the  uicroweve  ab¬ 
sorber  loads  were  positioned  1.385  cu  (‘wX/2)  fro*  the  •idplan*  of  the 
cavity.  There  exists  an  open  circuit  at  tha  ■icroweve  absorber  load, 
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Fitura  13 
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and  thus*  a  current  fflaxlnun  occurs  at  X/2  wavelengths  toward  the 
cavity  or  at  the  cavity  nldplane.  Using  a  .300"  high  cavity*  the  can¬ 
ter  frequency  of  the  ^020  9.975  GHz  with  no  coaxial  lines 

present  and  decreased  to  9.775  GHz  with  the  coaxial  lines.  The  .300" 
high  cavity  suffered  the  greatest  change  in  resonant  Q  tdien  the  coax¬ 
ial  lines  were  used.  The  unloaded  and  loaded  Q  values  were  2494  and 

1247,  respectively,  with  no  coaxial  lines  and  decreased  to  approxlnate- 

/ 

ly  1/10  these  values,  namely,  296  and  127,  when  loaded  by  the  coaxial 
lines.  The  microwave  absorber  loads  were  posltoned  at  1.623  cm 
(<uX/2)  for  the  .300"  high  cavity.  For  both  the  .150"  and  .300"  high 
cavities,  the  test  combiner  exhibited  significant  loading  frith  the  ad¬ 
dition  of  the  coaxial  lines.  It  la  seen  in  these  figures  that  near  the 
resonant  frequency,  the  lo^edance  response  of  the  cavity  circuit  ele¬ 
ments  predominate  while  away  from  resonance  the  Impedance  does  not 
approach  zero  but  some  small  value. 

Combiner  Coaxial  Line  Impedance 

The  test  combiner  coaxial  line  measurements  consisted  of  charac¬ 
terizing  the  impedance  response  at  one  of  the  coaxial  lines  under 
several  variations.  The  lsq>edance  observed  here  is  the  impedance  of 
the  combiner  network  before  it  is  transformed  through  a  50  ohm  section 
of  line  and  a  X/4  transformer  to  the  diode  plane.  Variations  in 
the  test  combiner  circuit  such  am  shorting  or  matching  the  cavity 
center  probe,  leaving  or  removing  all  other  coaxial  lines,  and  chang¬ 
ing  the  cavity  height  were  involved  in  these  measurements.  The  pur¬ 
pose  of  varying  these  parameters  warn  to  observe  the  changes  in  the 
eavity-to-coaxial  line  coupling  of  the  1^020  ^  ™210 
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the  coaxial  line  aaaaureMnta  vara  Made  over  approxlaataly  tha  9.1  to 
10. S  GHz  fraquaney  tanga  which  includas  both  wodaa.  la  tha  Mafura- 
aanta  with  tha  cantar  proba  praaant*  tha  proba  laqitadaoca  waa  critic¬ 
ally  couplad  to  tha  cavity  lapadanca  aa  ahown  in  Figuras  13  and  14. 
Alao»  the  Bicrovava  abaorbar  tarwinationa  wara  alvaya  adjuatad  for 
Baxisua  power  tranafar  froa  tha  coaxial  line  cireuita  to  tha  cavity 
circuit.  This  position  varied  froa  1.385  ca  to  1.623  ca  froa  tha 
cavity  aldplant,  for  tha  .150"  and  .300"  cavity  haighta.  raapactivaly. 
For  tha  naaauraaanta  where  tha  cantar  proba  waa  shorted,  a  shorting 
plunger  was  adjusted  intiard  until  Ita  end  was  flush  with  tha  cavity 
top  wall,  thus  reaovlng  any  input  at  tha  cavity  cantar. 

Microwave  Absorber  Load  Teat  Circuit.  Before  asking  aa  axtamal  la- 
padance  aeasureaent  at  one  of  the  coaxial  lines,  it  was  desirable  to 
aaasure  the  iapedanca  of  tha  aicrowava  absorber  tarainating  each  co¬ 
axial  line  and  to  coapare  the  aaasured  results  with  calculated  re¬ 
sults.  To  do  this,  a  test  circuit  which  consisted  of  a  .250"  aaai- 
rigid  coaxial  line  and  a  .141"  coaxial  air  line  tarainatad  with  aa 
adjustable  alcrowave  absorber,  «diieh  waa  aiailar  to  tha  aicrowava  ab¬ 
aorbar  circuit  in  tha  teat  coabiner,  was  fabricated.  A  croaa  aactioa 
of  this  circuit  is  shewn  In  Figure  13.  A  aaaual  aaasuraaant  of  tha 
aicrowava  absorber  tapadMca  waa  node  over  tha  9.1  to  10.48  (SHm  fra- 
quancy  tMga.  Aa  can  be  noted  in  Figure  16,  tha  iapedanca  of  the 
aicrowava  abaorbar  load  appaara  aa  tha  iapedanca  of  a  traaMiaalon 
line  srith  a  charactaristic  is^edanca  detarsUned  by  the  BOCOSOKi  aa- 
tartal.  Tha  calculat«i  iapedanca  response  ia  Stained  using  equationa 
(20-24)  and  is  ahown  aa  the  dashed  curve  in  Figure  16.  A  eubroutina 
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of  tho  ZCOKB  prograa  was  uaad  to  calculata  tha  alcrowava  abaorbar 
lapodaaea  waraua  fraguaoey.  Thaaa  two  eurvaa  ara  gulta  alallar  la 
ahapa  and  both  hava  approxlaataly  tha  aaaa  rafaranea  plana.  Tha 
alight  dlffaranca  batwaan  tha  ealeulatad  and  naaaurad  inpadancaa  la 
attrlbtttabla  to  tha  uaa  of  panlttlwlty  and  panaablllty  eooatanta 
which  trara  naaaurad  at  8.6  GBs.  Thua*  tha  aquations  uaad  to  nodal 
tha  Inpadanea  raapooaa  of  tha  nlerowawa  abaorbar  taralnatlooa  ara 
fairly  aceurata.  To  arrlva  at  tha  ealeulatad  eurwa*  tha  following 
data  waa  uaad. 

e^-16.2  F/n  W*-1.6  H/n  «-21  di/en 

cjp“1.136  F/n  wj^.>52  H/n  iplO.S  en 

Tha  valuaa  for  tha  eoafflelanta  of  tha  eonplax  patnittlvlty  and  par- 
naablllty  eonatanta  wara  naaaurad  by  tha  nanufacturar  of  ECC0S6RB  HF 
116.  Tho  valua  x  la  tha  Iwgth  of  eoaxlal  air  lina  batwaan  tha  ANA 
rafaranea  plana  and  tha  nlerowava  abaorbar,  and n  la  tha  attanuatloo 
conatant  for  KF  116.  Halag  aquation  (21)  and  tha  quantltlaa  glvan 
above, o  la  ealeualtad  to  ba  21.1  dl/en  at  8.6  CHs  which  eonparaa 
favorably  with  tha  valua  glvan  by  tha  nanufacturar. 

Coaxial  Una  Inpadanea  with  tha  Cantor  Froba  Tamlnatad  In  50  ohna. 
Thaaa  naaaurananta  ara  graphleally  ahown  in  Flguraa  17  to  20  and 
eonalat  of  eharaetarlalng  tha  inpadanea  raaponaa  of  a  alagla  eoaxlal 
Una  with  either  all  coaxial  llnaa  praaant  or  only  tha  naaaurad  linn 
KMant  and  with  cavity  halghta  of  .150**  and  .300*.  The  gnnaral 
aquivalant  circuit  rapraaantation  for  thin  eaaa  la  ahown  In  Figure  i 
and  tha  daflnlng  aquation  to  ba  rafarancad  la  (12).  Uhan  all  othar 
eoaxlal  llnaa  ara  ranovad,  tha  aqulvalMt  circuit  nuat  ha  nodifiad  to 


•hov  only  one  output  liu*  und  thu  coMtuat  If  in  uquatloa  (12)  «u«t  bu 
Mt  to  on*.  By  th«  rououiMt  loop*  sIiomi  In  thnan  flgurnn, 

thn  Inpodnnc*  is  sssn  to  bo  only  tho  lapodonco  of  tho  nlcrousvo  sb» 
sorbor  as  shown  in  Figuro  17.  Thus*  tho  tost  circuit  usod  for  tho 
■icrowsvo  obsorbor  Inpodanco  wu  roprosoatativs  of  tho  circuit  in  tho 
tost  coabinor.  Tho  offoct  on  tho  iapodonco  of  s  siaglo  lino  caused  by 
coupling  IF  powor  into  tho  othor  coaxial  linos  is  boat  shown  ia  Figuro 
19  versus  Figure  20  idioro  tho  cavity  height  is  .300**.  Tho  result  is 
that  tho  7Kq20  ^210  which  are  critically  coupled  sad  great¬ 

ly  ovorcouplod,  rospoctivoly*  ia  Figuro  19  have  their  coupling  reduced 
significantly.  Tho  rosoaaat  froquoacy  also  chsagossigaificaatly 

being  reduced  froa  9.94  CHs  to  9.775  CHs.  this  occurs  scaowhat  be¬ 
cause  tho  effective  cavity  diaaeter  ia  reduced  with  tho  addition  of 
all  tho  center  conductors.  Tho  ■ode»  previously  auch  over- 
coupled,  actually  is  closer  to  boiaj!  critically  cinq^iod  at  its  re¬ 
sonant  frequency  then  tho  1Mq20  equation  (12),  one  would 

expect  tho  eoupliag  of  tho  node  to  iaprove  as  II  was  increased, 

however,  the  unloadod  Q  sad  the  external  Q  in  this  aquation  deereese 
rapidly  causing  the  ispedance  at  resonance  to  decreaat  also  and  giving 
the  cavity  reepoose  the  appearance  of  a  eaall  resonaa:  loop.  With  the 
coupling  to  the  cavity  being  undercoupled,  a  large  portion  of  the  IF 
power  fron  the  source  (i.e.  a  swept  IF  source  or  IHFIVT  diode)  is  ab¬ 
sorbed  into  the  nierewave  abaorber  teminatien.  To  achieve  nsxinw 
conbiniag  efficiency,  the  circuit  desi^  will  have  to  be  such  that  the 
coupling  of  X  Unas  to  a  cavity  does  not  prevent  critical  coupling  of 
each  coaxial  line.  This  will  also  nore  than  likely  keep  the 
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Figure  18.  Coaxial  Line  Iittpedance,  to 
Input,  d«.150”.  Case  1-in 
Case  2-lnput  slightly  unde 


Figure  20 
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node  overcoupled  which  is  desirable  for  single  mode  operation.  Figures 
17  li  19  and  18  &  20  show  the  effect  of  changing  the  cavity  height.  De¬ 
creasing  the  cavity  height  does  not  appear  to  affect  the  77(^20 
TM210  resonant  frequencies  but  does  appear  to  moderately  affect  the 
coupling  of  the  coaxial  line  to  the  cavity.  A  decrease  In  cavity 
height  causes  a  decrease  In  unloaded  circuit  Q  as  can  be  seen  from 
equation  (5)  or  Table  3  and  subsequently  the  Impedance  response  de¬ 
creases.  In  the  measurement  of  coaxial  line  Impedance  with  four  lines 
present,  a  SO  ohm  Input,  and  a  cavity  height  of  .150"  (Figure  18), 
the  resonant  cavity  response  was  nearly  eliminated  with  the  center 
probe  being  critically  coupled.  However,  the  cavity  response  was 
restored  when  the  center  probe  was  slightly  undercoupled. 

Coaxial  Line  Impedance  with  the  Center  Probe  Short  Circuited.  These 
measurements  were  performed  to  demonstrate  the  effect  the  Input  cir¬ 
cuit  has  on  the  Impedance  matching  of  the  coaxial  lines  to  the  cavity. 
By  short  circuiting  the  combiner  Input  probe,  the  external  load  and 
Ideal  transformer  representing  Input  coupling  In  the  equivalent  cir¬ 
cuit  Is  removed  from  conslderstlon  as  shown  In  Figure  21.  Again, 
measurements  were  made  with  and  without  coaxial  lines  at  two  dif¬ 
ferent  cavity  heights.  The  impedance  responses  are  provided  In 
Figures  22  to  25.  With  a  cavity  height  of  .ISO"  and  only  one  coaxial 
line,  the  coupling  shown  In  Figure  22  to  the  cavity 
critical  while  the  1M2^q  mode  coupling  is  overeoupled.  Adding  the 
other  lines  to  the  circuit  again  undercouples  the  coaxial  lines  to  the 
^020  ^210  **  Figure  23.  However,  the  change  in 

coupling  Is  not  quite  as  great  as  when  the  external  Input  load  is 
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present «  The  rcsooent  frequency  for  the  ‘IM^20  ^210 

epproxlnetely  9.92  CMs  end  9.29  OHs,  respectively*  end  Is  not  ef¬ 
fected  by  the  sdditlon  or  deletion  of  eoexisl  lines.  Since  the  re- 
soosnt  frequencies  ere  s  function  of  the  cevity  rsdius*  the  addition 
of  the  coaxial  lines  effects  the  cavity  radius  niniaally  for  this  test 
coabiner.  This  is  not  necessarily  true  in  larger  pover  coabinera* 
however*  where  aany  coaxial  lines  would  be  present.  Both  the 
and  nodes  are  overcouplcd  as  shown  in  Figure  24  (i.e.  aost  of 

the  RF  power  Is  absorbed  Into  the  cavity  walls)  for  the  case  of  one 
coaxial  line  and  a  cavity  height  of  .300".  Coaparlson  of  this  figure 
with  Figure  19  where  the  Input  is  not  shorted*  deaonstrates  the  rel¬ 
ative  effect  the  external  load  has  on  Che  loaded  Q  of  the  circuit. 

The  difference  in  the  1Mq20  '**P^**  saall  while  the  response 

changes  aoderstely.  This  indicates  that  the  external  circuit  lapedance 
(usually  50  ohas)  has  aore  of  a  shunting  effect  on  the  node. 

Including  the  coaxial  linee  to  the  short  circuited*  .300"  high  cavity 
again  reduces  the  coaxial  to  resonant  node  coupling  but  the  reduc¬ 
tion  is  auch  less  than  when  a  50  oha  input  is  used.  The  lapedance  data 
so  far  indicates  that  the  external  load  has  a  aoderate  effect  on  the 
lapedance  at  a  single  coaxial  line  idtile  addition  of  the  other  lines 
affects  the  i^edance  response  significantly  because  of  tha  nst  low 
lapedance  shunting  the  cavity.  As  described  in  the  previoue  case* 
changing  the  cavity  height  dees  not  affect  the  12^20  ^210  ^**^*^^ 

frequencies  to  any  great  extant. 


TrAimiMion  NaasurcsMts 


TWO  cyp««  of  traiiiBioslon  aosattroatnes  vara  parforaa4.  Thay 
vara  coapriaad  of  aaaaurinf  fcba  tranaaiaalon  of  RF  povar  froa  tha 
Cortina k  can tar  proba  to  ona  of  tha  coaxial  linaa  and  aaaauring  tha 
coaxial  lina>to-lina  tranaaiaaion  (isolation)  propartias.  Tha  first 
aeaauraaant  providaa  inforaation  on  tha  cortining  afficiency  of  the 
circuit  and  tha  aacond  providaa  inforaatiem  on  tha  isolation  batvaan 
linaa.  Tha  aaasuraaenta  %Mra  aada  using  tha  AHA  in  tha  tranaaiaaion 
aoda.  Tha  aaaaurad  frequency  range  vaa  9.0  to  10.3  CHs. 

Canter  Probe  to  Coaxial  Lina  Tranaaiaaion.  The  tranaaiaaion  coaf- 
ficiant  of  the  teat  coabiner  in  this  configuration  vaa  aaaaurad  vith 
only  ona  coaxial  line  present.  Only  ona  line  vaa  used  bacauaa  an  ex~ 
tamal  cortining  network  was  not  available.  Tha  transatiasion  aaaaure* 
aanta  as  shown  in  Figures  26  and  27  vara  aada  using  cavity  heights  of 
.150**  and  .300".  The  input  canter  proba  and  tits  aicrovava  absorber 
load  poaitons  vara  adjusted  to  give  tha  bast  coupling  to  tha  '7Mq20 
aoda  possible.  In  tha  aeaauraaant,  tha  canter  probe  position  had 
little  affect  on  cortining  efficiency  while  the  aicrovava  abaorbar 
load  position  had  a  significant  offset.  This  indicated  that  tha  eoa- 
bining  efficiency  is  priaarily  daterainad  by  tha  coupling  of  IF  power 
froa  the  coaxial  line  to  tha  cavity.  In  ganaral,  tha  tranaaission 
aaaauraaenta  of  tha  test  cortiaar  indicated  a  higher  than  axpactad 
Cranaaission  loas.  For  tha  .ISO"  and  .300"  high  cavitias  tha  trans- 
aiaaion  lose  vaa  6  dl  and  3  dg,  raapaetively,  rtich  relates  to  a  2S3 
and  SOX  cortining  afficiency.  Tha  loss  that  occurs  is  attributable  to 
the  cavity  wall  loss*  to  tha  spacing  of  tha  coaxial  line  cantor  eon- 
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dttctor  vlch  rt«p«ct  to  eho  covlcy  wtll,  and  to  tlio  Iom  of  povor  into 
th«  •Icrovavo  aboorbor.  Tbora  ia  olao  approxlMCaly  .5  4B  loaa  which 
occuta  at  tha  eranaltlon  frow  the  coabinar  coaxial  air  lino  to  the 
aasi-rlfld  coaxial  lino  oaad  to  connect  tha  teat  coi^iaer  to  the  ANA. 

Aa  tha  coaxial  line  canter  conductor  ia  noved  radially  inward,  tha 
coupling  to  tha  cavity,  and  hence  coabining  efficiency,  will  increaaa, 
but  the  iaolation  between  diode  circulta  will  dacreaae.  The  inpadance 
of  tha  nicrowave  abaorber  can  alee  control  efficiency  with  a  load  ra^ 
praaenting  a  abort  circuit  producing  the  beat  efficloAcy.  However,  as 
stated  by  Kurokawa  a  abort  circuit  presented  to  aa  DfPATT  diode  can 
lead  to  instability.  In  general,  tha  circuit  i^daaca  prasentad  to 
aa  XKPATT  diode  should  always  be  greater  than  or  equal  to  its  nega¬ 
tive  real  pare.  A  coi^ronise  between  a  short  circuit  Inpedance  end 
tha  ii^>adance  presented  by  SCCOSORB  MF  116  or  any  other  nicrowave  ab¬ 
sorber  should  be  possible  and  would  inprova  current  efficiency  po¬ 
tential  of  coahiners.  To  achieve  a  lower  inpadance  aa  suggested, 

a  1/4  transfomar  could  be  used  between  tha  nicrowave  absorber  end  the 
cavity. 

Coaxial  Ure-to-Une  Iaolation.  This  neaaurenent  was  conpriaed  of 
neasuring  the  trananiaaion  loss  between  two  adjacent  coaxial  lines  of 
tha  teat  eohbinar  with  a  .300**  high  cavity.  One  neaaurenent  was  nada 
with  tha  canter  probe  short  circuited  (figure  ft)  and  another  was  nada 
with  tha  canter  probe  taminatad  in  a  SO  obn  inpedanca  (figure  29). 

The  worst  case  iaolation  naasurenant  shewn  ia  figure  21  oeeura  with  tha 
canter  probe  abort  circuited.  This  figure  indicataa  a  10  dl  and  9  dg 
iaolation  for  tha  and  TH^^o  ■Mtaa,  raapactivcly.  Vhan  tha  input 
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Is  terminated  in  50  ohms,  the  isolation  for  the  TM2]^q  mode  remains 
approximately  the  same,  but  for  the  TMq2q  node,  the  isolation  Improves 
to  IS  dB.  Another  effect  the  SO  ohm  input  had  on  the  TM020  node  vas 
to  shift  its  resonant  frequency  downward  from  9.94  GHz  to  9.85  GHz 
while  the  1M2]^q  resonant  frequency  stayed  constant  at  9.29  GHz.  This 
frequency  shift  could  have  occurred  as  the  result  of  a  slight  pertur¬ 
bation  of  the  center  probe  below  the  cavity  top  wall.  The  isolation 
performance  between  each  of  the  coaxial  lines  is  relatively  good  as 
expected . 

Correlation  of  Measured  and  Calculted  Results 
In  this  section,  the  calculated  impedance  response  for  only  the 
TH020  node  of  a  single  coaxial  line  and  then  all  four  lines  is  present¬ 
ed  and  compared  to  the  measuted  responses  shown  earlier.  To  calculate 
the  coaxial  line  Impedance  response,  a  program  called  8  COMB  was  used  and 
is  described  in  Appendix  A.  Only  the  TM02O  response  was  calculated  be¬ 
cause  of  limited  calculator  memory.  This  program  is  based  upon  Kuro- 
kawa*s  model  but  unlike  his  model,  it  uses  equations  (20-24)  to  de¬ 
scribe  the  microwave  absorber  Impedance.  Two  unknowns  in  the  model 
which  had  to  be  determined  were  the  coupling  coefficients  n^  and  n^ 
whose  values  were  approximated  as  8.41  X  10~^  and  6.5  X  10"^,  respec¬ 
tively.  The  value  of  tt|  vas  approximated  with  the  equation  n^oG^/Z^ 

(l.e.  because  is  not  accurately  known  as  a  result  of  the  scallops) 
when  the  input  coupling  coefficient  is  equal  to  one.  The  value  of 
n|  was  approximated  by  fitting  the  calculated  curve  to  the  measured 
data  for  the  case  of  a  single  coaxial  line.  The  reference  planes  for 
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the  position  of  the  microvave  absorber  and  for  calculating  the  Imped¬ 
ance  looking  into  a  coaxial  line  also  had  to  be  chosen.  These  dis¬ 
tances  were  chosen  as  1.5  cm  and  10.5  cm,  respectively,  which  were 
approximately  the  same  as  used  in  the  coaxial  line  impedance  measure¬ 
ments.  The  calculated  Impedance  response  of  a  single  coaxial  line  with 
no  other  lines  present  and  with  a  cavity  height  of  .300"  Is  shown  in 
Figure  30.  The  response  is  critically  coupled  at  the  ^q2q  resonant 
frequency  (l.e.  10  GHz)  and  has  a  characteristic  impedance  equal  to 
away  from  resonance.  The  calculated  response  shown  compares  favorably 
with  the  measured  response,  using  the  same  parameters,  shown  in  Figure 
19.  By  referring  to  equation  (12),  it  can  be  noted  that  the  coaxial 
line  Impedance  should  increase  and  become  overcoupled  .as  the  number  of 
coaxial  lines  Increases  assuming  no  change  In  loaded  Q.  In  the  mea¬ 
sured  result  of  Figure  20  where  the  number  of  lines  was  Increased  from 

one  to  four,  the  Impedance  response  became  significantly  undercoupled . 

-4 

To  account  for  this  In  the  calculator  model,  a  new  value  of  .406  X  10 

2 

was  selected  for  the  coupling  coefficient  n^.  The  impedance  response 
with  this  value,  shown  In  Figure  SI,  Is  very  similar  to  that  of  the 
measured  result  of  Figure  20.  To  explain  this  discrepancy  it  Is  sug¬ 
gested  that  even  though  the  number  of  coaxial  lines  is  increasing,  the 
the  loaded  cavity  Q  also  decreases  with  the  addition  of  coaxial  lines 
and  thus,  has  a  more  predominant  effect  on  coaxial  line  Impedance  than 
the  value  N.  This  Is  substantiated  by  the  measured  results  which  in¬ 
dicated  that  lowering  the  cavity  Q  did  affect  the  Impedance  response 
of  the  combiner  network  significantly. 
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CHAPTEK  V 


SIMIA&Y  AND  CGMCLUSIONS 

A«  atAtcd  in  the  introduction,  the  objective  of  thie  investiga¬ 
tion  has  been  directed  toward  increasing  Che  understanding  of  TM 

9no 

conbiner  design.  In  particular,  a  sore  accurate  nodel  of  the  iape- 
dance  presented  to  an  IMPATT  diode  was  of  interest.  Toward  this  goal, 
the  theory  of  cylindrical  resonant  cavity  coablners.  the  circuit 
■odelling  of  resonant  cavity  coabiners,  and  the  characterization  of  a 
IM020  coablner  was  presented.  The  general  theory  of  cylindrical 
resonant  cavities  and  the  coaxial  diode  circuits  is  fairly  well  under¬ 
stood  as  is  shown  by  the  design  equations  presented  and  the  charac¬ 
terization  of  Che  TM^20  conbiner.  The  Kurokawa  nodal  was  pre¬ 
sented  and  used  as  the  basic  nodel  for  describing  the  inpedaace  of  the 
conbiner  network  presented  to  the  IKPATT  diode  circuit.  By  eoT^ring 
the  neasured  versus  calculated  coaxial  line  inpcdance  responses  In 
chapter  IV,  it  can  readily  be  seen  chat  this  nodel  dees  for  the  nost 

part  provide  the  intrinsic  response  of  the  TN  conbiner.  To  achieve 

one 

this  response,  however,  the  coupling  coefficients  were  approxlnated 
la  order  to  fit  the  calculated  curves  to  the  neasured  data.  Addltleo- 
slly,  when  the  nunber  of  coaxial  lines  was  increased  fron  one  to  four, 
s  snaller  value  of  the  cavity /coaxial  line  coupling  coefficient  was  re¬ 
quired  to  again  fit  the  curve.  Thus,  it  is  apparent  that  there  exists 
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■or*  than  a  tiapl*  relationship  b*tw*«n  tha  coaxial  line  iapadanea 
raaponaa  and  th*  nuabar  of  coaxial  linos.  In  fact*  bacauaa  tha  ad¬ 
ditional  linos  causa  a  significant  roduction  in  loaded  Q  of  tha  coa- 

bin*r»  tha  Kurokawa  aodal  naads  to  be  aodlfiad  to  include  tha  changes 

2 

in  Q  and  coupling  coefficient,  02*  further  coapariaon  batvaan 
■assured  and  calculated  data  is  needed  to  accurately  dataraina  tha 
functional  dependence  of  this  relationship. 

Another  very  iaportant  factor  in  the  design  of  coabiners 

OHO 

is  achieving  the  highest  coabining  efficiency  possible.  Achieving 
high  coabining  efficiency  is  synooMous  with  obtaining  aaxiaua  power 
transfer  froa  th*  coaxial  line  circuits  to  the  cavity  and  vice  versa. 

To  obtain  aaxiaua  power  transfer,  both  alsastch  and  dissipative 
lose**  for  the  cavity/eoaxial  line  interface  aust  be  ainlaiscd.  The 
■iaastch  losses  are  ainiaised  by  critically  coupling  the  coaxial  line 
ispedane*  to  the  cavity  iapedance  at  resonance.  Because  th*  nuaber 
o^  coaxial  lines  end  the  cavity  height  significantly  affects  this 
coupling  (i.e.  through  reduction  in  cavity  Q),  the  design  of  TM _ 

MO 

coabiners  aust  incorporate  design  rules  which  will  aaintain  high  cavity 
Q  for  any  sise  coidvinar.  Generally,  any  perturbation  (e.g.  probes, 
loops,  coaxial  lines)  of  e  resonant  cavity  increases  tha  loss  and  de¬ 
creases  the  Q  of  th*  resonant  circuit  under  eonaidaratien  with 
aaaller  perturbations  affecting  the  Q  of  a  resonant  circuit  leas. 

Thus,  it  la  concluded  that  the  use  of  aaaller  coaxial  lines  would  be 
beneficial  in  iaproving  coabining  efficiency.  The  diaaipativ*  loss  in 
a  TM^^  coabiner  includes  loss  la  th*  cavity  walla  and  loss  in  the 
aicrowav*  absorber.  With  respect  to  th*  wall  loss,  the  eealleped 
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contours  for  the  cosxlsl  linos  esusss  the  asjorlty  of  this  loss.  To 
reduce  the  well  loss,  the  cosxisl  line  nsy  be  a»v6d  closer  to  the 
csvlty  with  sooM  sscrlflce  In  Isolstlon  between  diode  circuits. 

There  Is  slso  s  finite  loss  In  the  nlcrowsve  sbsorber  losd  end  this 
loss  ssy  be  reduced  ss  ststed  esrller  by  decresslng  the  chsrseterlstic 
lapedsnee  (e.g.  using  X/4  trensforaers)  In  front  of  the  sbsorber.  The 
■Icrowsve  sbsorber  lapedsnce  esnnot  be  reduced  too  nuch,  however,  be- 
ceuse  of  IMPATT  diode  stsblllty  conslderstions. 

In  suMsry  sddltlonsl  experlnents  ere  needed  In  which  the  phy- 

slcel  end  electricsl  psrsaeters  of  the  csvlty /cosxisl  line  interfsce, 

ss  aentloned  shove,  ere  vsrled  In  order  to  deteralne  the  relstlonship 

2 

between  the  coi^lner  Q,  the  coupling  coefficient  n2,  end  the  nuaber 
of  diode  circuits  end  slso  In  order  to  optlalse  the  coablnlng  effi¬ 
ciency.  Furtheraore,  even  though  It  wss  not  eaphsslsed,  the  aodel  of 
s  TN_.  coabiner  should  be  extended  to  Include  possible  IMPATT  diode 
Interne tlon  with  nonsyaaetrlcsl  aodes.  No  new  coabiner  eodels  were 
developed  in  this  laves tlgstlon.  However,  this  Investlgstlon  hss 
dellnested  seat  very  li^rtsat  aspects  of  coabiner  design. 

OQC 


APPENDIX  A 


ZCOHB  Progrui 

This  progrsa  wsa  dsvslopsd  to  csleulsts  ths  l»psdsnr.s»  ss 

s  function  of  frsqusney  st  s  single  cosxisl  11ns  of  s  IM  rssonsnt 

ono 

eoabinsr.  The  lapedsnee  can  be  cslculsted  st  sny  convenient  re¬ 
ference  plane  relative  to  the  cavity  aldplane.  The  progran  is  based 
on  the  Kurokawa  conbiner  nodal.  Equation  (12)  was  rearranged  into  the 
following  for*  for  easier  iaplenentation  In  the  calculator  routine. 

J  O.G. 

The  ttlcrowave  absorber  load  inpedance  is  conputed  in  a  subroutine  of 
this  progran  and  uses  equations  (20-24).  The  inpedance,  EJJ,  is  cois- 
puted  using  an  additional  calculator  progran  called  IN  Z  (Appendix  B) 
which  calculates  the  input  inpedance  to  a  length  of  loaded  trans- 
nissloo  line.  A  flow  chart  of  the  ZCOHB  progran  is  provided  in  figure 
32  and  a  listing  of  the  progran  is  given  in  Table  4.  The  prograns 
ZCOHB  and  IN  Z  are  inplenented  in  HP’s  Beverse  Polish  Notation  language 
for  use  on  the  HP  41C  prograisble  calculator.  To  run  the  progran,  it 
is  called  fron  nsnory  and  the  TM^  conbiner  paraneters  are  entered  in¬ 
to  registers  0-32  and  the  X4T  stack  registers.  A  listing  of  the  regis¬ 
ter  inputs  is  provided  la  Table  S.  The  start,  atop,  and  step  fre¬ 
quencies  in  NHa  are  next  entered  and  individual  data  points  of  21^^  are 
calculated  as  a  function  of  frequency  with  each  run* 


2.6/ 


(28) 


48 


Z.  Subroutine 


rtfure  32 (eon 't). 


TABLE  4.  ZCOKB  Program  Listing 


Addrsss 

Ksy 

Comment 

Addrsss 

Ksy 

01 

LBL  ZCOMB 

46 

ICL  31 

02 

INPUT  DATA 

47 

/ 

03 

AVIEV 

48 

STO  26 

04 

STOP 

49 

XEO  ZA 

05 

/ 

50 

OST 

06 

STO  CO 

51 

ia-27 

07 

1 

52 

1/X 

08 

■f 

53 

STO  30 

09 

STO  *  00 

54 

Ra  11 

10 

1/X 

55 

* 

11 

STO  22 

56 

.02 

12 

Na  10 

57 

* 

13 

STO  *  00 

58 

1 

14 

STO  /  22 

59 

-f 

IS 

PI 

60 

STO  29 

16 

STO  X 

61 

ta  12 

17 

STO  *  00 

62 

STO  *  » 

18 

30 

63 

RCL  26 

19 

« 

64 

STO  /  29 

20 

STO  *  22 

65 

STO  /  30 

21 

SJO*X 

66 

RCL  IS 

22 

67 

STO  *  29 

23 

STO  /  00 

68 

SJO  *  30 

24 

xa  09 

69 

25 

STO  *  22 

70 

RCL  23 

26 

Jjtu 

71 

STO  *  29 

27 

72 

S|0  *  30 

28 

STO  *  00 

73 

29 

PSTAXT-? 

OOU) 

74 

» 

30 

PtOMPT 

75 

Ra  29 

31 

STO  23 

76 

X^ 

32 

PSTOP-t 

OQU) 

77 

XEQ  CPINV 

33 

PiOHPT 

78 

Ra  30 

34 

STO  24 

79 

0 

35 

STEP-? 

(Mts) 

80 

XEQ  CKULT 

36 

PBOKPT 

81 

Ra  08 

37 

STO  25 

82 

Ra  07 

38 

LBL  01 

83 

XEQ  CADO 

39 

Ba  23 

la  PSTART 

84 

STO  04 

60 

SORT 

85 

xty 

41 

STO  31 

« 

86 

STO  05 

42 

RCL  00 

8? 

Ra  23 

43 

s 

88 

Ra  32 

U 

STO  27 

€ 

89 

XEQ  IN  E 

49 

WL  22 

90 

1-P 

71 


Count 

Oc 


V  VK 

t^OUct.) 


TABU  4(eon*c) 


l44fMt 

Uj 

COHBMt 

Kav 

91 

50 

136 

STO  05 

92 

/ 

137 

xa  23 

93 

f-t 

138 

xa  13 

94 

X- 

139 

XEQ  IN  Z 

95 

Axa  X 

140 

XTN 

96 

APFEXD  T 

141 

L8L  02 

97 

Axa  Y 

142 

END 

98 

AVXEW 

99 

TONE  6 

100 

STOP 

101 

xa  24 

102 

xa  23 

103 

X>  Y? 

f  FST0P7 

104 

CTO  02 

105 

KCL  25 

106 

STO  4  23 

f-PSXAITfSTZP 

107 

CTO  01 

108 

UL  ZA 

Z.  MtbrotttiM 

109 

xa  17 

A 

110 

XCL  16 

111 

xa  31 

112 

* 

113 

P-X 

114 

xa  18 

115 

xa  23 

116 

* 

117 

xa  19 

118 

xir 

119 

P-X 

120 

XEQ  CAOD 

121 

I-P 

123 

xa  20 

123 

xa  23 

124 

* 

ijuCl 

125 

/ 

126 

xa  19 

127 

$T0  •  z 

128 

it 

129 

SqXT 

130 

2 

131 

STO  /  Z 

132 

i« 

1*0*1 

133 

P-t 

134 

STO  04 

135 

xIy 

Z^(taet.) 
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imi  5.  ZCOHB  Frofm  taglaUr  LUtlag 


totlatT 


CAvlty  iMiilit,  d(ln.  or  ca) 

Cftvity  rodiut*  o(1a.  or  ea) 
t 
t 
t 

Cooxiol  liiM  ehoroecorlatle  lapodaoec, 

t 

t 

t 

t 


Z  *'50 

O 


09  BoomI  function  wimrid  roro  x_ 

10  *^//f-3.2l8  X  lO"*  j 

11  Input  coupling  confficiant.  n^  2 

12  Output  eouplint  ceofflcltntt  m, 

13  Diotaneo  from  cavity  aldplaM  to^alcrowava  abaorbar»  x(ea) 

14 

13  Cavity  cantor  fra^uaney*  f  (MBs) 

14  |t/i/|j-.1209 

17  lM/yf^l2.5r 

18  |juL/f|-1.802 

If  ijut/f»44«82®  . 

20  |juC/f(-4.f94  X  lO'-* 

21  4iuC/f-84** 

22  t 

23  Start  fra^uancy,  f$TAIT<NXa) 

24  Stop  fra^uancyt  FST(^00ls) 

23  Stop  fro^uancyt  STCPOfMa) 

24  f 

27  t 

28  t 

29  t 

30  t 

31  t 

32  Diatanca  frea  rafaranca  plaaa  to  cavity  ai4plaaa»  i(ea) 
t*lata«aadiata  ealcalatiaaa 


APPENDIX  B 


ZN  Z  Prograa 

This  program  calculates  the  Input  Impedance,  to  a  length 

of  lossless  transmission  line  with  characteristic  Impedance  Z  and 

o 

complex  load  using  the  following  well  known  equation 


-7  Zn+jZota.Y\B^ 


(29) 


By  substituting  Z^  Into  this  equation  and  rationalizing  this  complex 
ratio,  the  solution  of  and  may  be  found.  These  quantities 
are  as  follows, 


D  -  PnZ/ 

r<rv+|-  (30) 

y  _  lJ)(tZ^COS  zef  (Zo'-Rn*-Xi>*  )SiNdC0S6]  ^ 

p  (31) 

e=BJ  D=(4cose-)f«S\rt6)  +  (RnSine)* 


A  program  listing  of  this  program  is  provided  on  page  75.  To  run  the 
program,  it  is  called  from  memory  and  the  transmission  line  length,  I, 
and  frequency  are  entered  In  the  X  and  Y  stack  registers,  respectively. 
The  Re(Z^^j^)  and  Im(Z^^j^)  are  stored  in  storage  registers  7  and  8,  re¬ 
spectively. 


TABLE  6.  IN  Z  Prograa  Listing 


Address  Key  Cosaent 


01 

LBL  IN  Z 

02 

RAD 

03 

* 

04 

PI 

05 

STO  +  X 

06 

* 

07 

3  X  10^ 

08 

/ 

09 

COS 

10 

STO  01 

COS  0 

11 

UST  X 

12 

SIN 

13 

STO  02 

SIN  0 

14 

RCL  03 

15 

Rl 

16 

Ra  04 

17 

RCL  05 

18 

Ri 

19 

X?T 

20 

* 

21 

X^ 

22 

Ra  02 

23 

R  + 

24 

* 

25 

Rf 

26 

RCL  03 

27 

* 

28 

29 

30 

31 

+ 

32 

STO  06 

D 

33 

Ra  03 

34 

X2 

35 

RCL  04 

36 

* 

37 

X|T 

38 

/ 

39 

STO  07 

*N  +1 

40 

Ra  03 

41 

X2 

42 

Ra  04 

43 

x2 

44 

- 

45 

RCL.  05 

Address 


46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 


J5SI 

X2 

RCL  01 
BCL  02 

* 

* 

01 

Ra  02 
x2 


Coanent 


RCL  03 
RCL  05 
* 

* 

+ 

RCL  03 

* 

RCL  06 

/ 

STO  08  Xir*-! 
RCL  07 

X- 

ARCL  X 

APPEND  Y 

ARCL  Y 

AVIEU 

DEG 

RTN 

END 
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